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ABSTRACT 
Human visual performance is usually measured by 
conventional techniques (eg. letter charts), which cannot 
provide complete information of what a person actually 
sees in complex scenes. This paper considers 
reconstruction of the retinal image for real-world scenes 
based on the monochromatic aberrations of the human 
eye. Such aberrations can be evaluated by using an 
aberroscope or a Hartmann-Shack wavefiont sensor. In 
particular, we develop methodology for dynamic image 
reconstruction, in which we allow the aberrations to vary 
in time. We then apply this methodology to subjects with 
significant amount of higher-order monochromatic 
aberrations. 
I INTRODUCTION 
Most real-world scenes that we see can be decomposed 
into constituent spatial fiequencies, contrast and the 
orientation of spatial detail. If the aberrations of the eye 
are known, it is possible to mathematically model the 
retinal image of the eye in question by combining the 
object (scene) properties with the optical characteristics of 
the eye. The optical component of the human vision 
system can be assumed as a linear optical system with an 
object at the entrance pupil and an image at the retina 
acting as an input and output of the system, respectively. 
Within such a system, linear system theory and Fourier 
theory [I] can be applied. 
The term accommodation in optometry is equivalent to 
change of focus in engineering. Another term that is 
frequently used in this paper is the wuvefiont error. It is 
defined as a scaled difference between the optical path 
lengths of a ray under consideration and a chief ray [2]. 
The scaling factor is the wavelength, usually h = 555nm. 
Geometric optics can be linked with the linear system 
theory by the concept of the complex pupil function (CPF) 
where A@, 9 is the amplitude transmittance pupil function, 
W@,9 is the wavefront error pupil function, often referred 
to as the wavefront aberration, (p,@ are pupil polar 
coordinates, with p being the normalised distance from the 
origin (line-of-sight), and &he angle. Work has been done 
to relate ocular or corneal aberrations to image quality. 
However, only modelling of aberrations rather than real 
measurements has been considered. Also, all analysis was 
performed along one particular meridian and no 
application had been attempted on a real complex scene. 
When a scene is static and accommodation is fixed, the 
wavefiont error of the human eye can be expanded into a 
polynomial series [2]. In the series, some lower order 
terms are used to describe certain aberrations such as 
astigmatism, coma or spherical aberration. No one has 
managed to understand all the effects of the lower terms, 
and the effects of the higher terms (higher order 
monochromatic aberration) are mostly unexplored. 
Higher order aberration of the eye can be measured by 
using an aberroscope [3, 41 or a Hartmann-Shack 
wavefiont sensor [5 ]  at a range of accommodation levels. 
The magnitude of optical aberrations will vary 
substantially with change of accommodation [6,7]. The 
effects of these changes in aberrations upon retinal image 
quality and perception are largely unknown. The 
relationships between changing, aberrations and retinal 
image quality, which have significance in myopia, have 
not been studied before. Studies had been done to model 
and expand the two-dimensional wavefront error function 
into a Taylor series or Zernike polynomials [4]. However, 
models for the time-varying wavefront error are not 
present. In fact, there exist no reported techniques or 
methodology for reconstructing and analysing the retinal 
image of a complex scene. 
In this paper, we present methodology for dynamic 
reconstruction of the retinal image in a human eye, and 
apply this approach to eyes with a range of aberrations and 
scenes. This is achieved by introducing the concept of 
time-varying CPF, which also allows us to analyse the 
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optical quality of the eye along all meridians of the eye 
during accommodation. 
11 DYNAMIC IMAGE RECONSTRUCTION 
The dynamic relationship between the time-varying input 
image, denoted in the polar coordinates as i(p, 8 ; t), and 
the resulting time-varying output retinal image, o(p, 8 ; t), 
is given by the convolution ingetral 
o b ,  8;t) = JJkp - Z, , e - Z, ; t m ,  8; t ) a ~ , d ~ ,  , (2) 
where h(p, 8 ; t) denotes the impulse response of the 
system herein referred to as the time-varying Point Spread 
Function (TV-PSF) and t denotes the time. The Fourier 
domain representation of the relationship is given by 
o(J;,f2;t) = H ( J ; , f , ; W ( A f ; , f , ; t ) ,  (3) 
where IV;, 12; 0, OK, 12; t> and Wy 12; 4 are two- 
dimensional Fourier transformation of i@, 8 ; t), o b ,  8 ; t )  
and h@, 8 ; t) respectively. These transformations are with 
respect to p and 8. The Fourier representation of HV;,X; f )  
is called the time-varying Optical Transfer Function. 
The concept of the CPF defined in (1) can be generalised 
to the case of a time-varying complex pupil function (TV- 
CPF), and it is given by 
where both the amplitude pupil and the wavefront error 
functions are allowed to vary with time. The TV-PSF in 
(2) that is necessary for the retinal image reconstruction 
can be derived from the TV-CPF as 
where 3{-} is a 2-D Fourier transform operator. The 
output retinal image o b ,  8 ; t )  is subjected to complex 
processes of photochemistry and neurophysiology before 
the subjective sense of vision is achieved. Other 
assumptions underlying our image reconstruction 
technique include no account of light scatter within the 
media of the eye and basing the model upon 
monochromatic light (no account of chromatic 
aberrations). The image reconstruction only pertains to 
foveal visual performance without modelling of peripheral 
vision. It is important to acknowledge that retinal image 
quality is not directly equivalent to the visual performance 
of the eye, although the two are closely related. 
III MODELLING THE TV-CPF 
The wavefront error function is often represented in terms 
of a finite series of Zemike polynomials, 
where the index p is a polynomial-ordering number, Zp@, 
9, p = 1 , . . . , P, is the p-th Zernike polynomial, up, p = 1 , 
. . . , P is the coefficient associated with Zp@, 9, P is the 
order, and E represents the measurement error. It is 
assumed that the measurement error is independent and 
identically distributed random variable with zero-mean 
and variance d. The p-th Zernike polynomial is given by 
forevenp 
&m#O 
for m = 0 
with a radial degree n, azimuthal frequency my and 
( n - m ) / 2  (-l)"(n - s)! 
Pn-2s 
The radial degree and the azimuthal frequency are integers 
which satisfy m I n and n - Iml = even. The relationship 
between the polynomial-order number p ,  the radial degree 
n and the azimuthal frequency m is given in Table 1. Other 
classifications of Zemike terms are possible, see for 
example [8], and care should be taken when comparing the 
results of different authors. 
Table 1: Relationship between p, n and m. 
The Zernike polynomials seem to be the best for accurate 
estimation of the wavefront error due to their properties of 
orthogonality, and that fitting can be performed using the 
least square method, which is linear in parameters. In 
other words, Zernike polynomials form a linear model 
W=Za + E, (6) 
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where W is an N-elements column vector of wavefront 
error function evaluated at discrete points (pn, On), n = 1, 
. . . , N, Z is an (N x P) matrix of discrete, orthogonalised 
(using Gram-Schmidt procedure), Zernike polynomials 
Zpbn, On), a is a P-elements column vector of Zernike 
coefficients, and E represents an N-elements column vector 
of the measurement error. For such a model, the 
coefficient vector a can be estimated by 5 = (2%) ‘ZTW. 
When modelling a time-varying wavefront error function, 
the coefficients in the wavefront expansion may vary with 
time. We choose to model the time-variation of each of the 
Coefficients by a set of some parameterised basis function 
vq(r) with coefficients gP,+ p = 1, . . . , P, q = 0, . . ., Q - 1, 
and order Q. The constant orders P and Q are assumed to 
be sufficiently high to accurately model the wavefront at 
all considered discrete time levels t = tm, m = 1, ..., M. 
The model of the time varying wavefront error function 
will then be 
P 0 - 1  
For discrete values of the wavefront error function W(pn, 
On, tm), n = 1, ..., N, m = 1, . . ., M, (7) can be written as 
W=ZgY+ E, 
where W is an (N x M) matrix of time-varying wavefront 
error function evaluated at discrete points (pn, On, tm), n = 
1, ..., N, m = 1, ..., M, Z is defined as in (6), !Pis a (Q x 
M) matrix of discrete, orthogonalised, basis functions 
yq(rm), q = 0,  . . ., Q - 1 , m = 1 , . . ., My, and g is a (P x Q) 
matrix of coefficients gp,q associated with vq(tm). The 
fitting of the wavefront can be performed by the least- 
squares method. The coefficient matrix g can be estimated 
by 
For simplicity, one set of the basis functions vq(?) has 
been chosen, where q = 0, . . . , Q - 1 for all values of p = 1 , 
..., P. Modelling the time-varying wavefront error 
function with (7) is advantageous in a sense that the 
wavefront error can be evaluated at the accommodation 
levels for which real measurements are not available. 
During accommodation the pupil changes size, shape and 
often location. The time-varying amplitude transmittance 
function A@, O ; r )  can be modelled by a circular function 
p2 - 2 p ~ ( t ) ~ o ~ ( e - e ~ ( t ) ) + p , 2  a ( t ) *  A b ,  e ;  t )  = 9 
where Po(?), Oo(t) denote the polar coordinates of the centre 
of the pupil and R(t) is the pupil radius. 
IV EXPERIMENTAL RESULTS 
We considered a number of subjects with different levels 
of aberrations for which the wavefront error was measured 
by the aberroscope technique while the accommodation 
level was set through a Badal system [6,7]. Several 
accommodation levels were chosen and for each a set of 
Zernike coefficients of the wavefront error expansion was 
estimated. As an example, in Figures 1 and 2, we show 
the results of the retinal image reconstruction for subject 
CA, which has a significant amount of higher-order 
aberrations. Specifically, in Figure 1, we show first the two 
considered original images and then the resulting retinal 
images for 0 dioptres of accommodation level. This 
corresponds to a patient looking at “infmity”. We also 
show the intermediate steps in the image formation 
algorithm, ie. the wavefront error (in wavelengths), the 
point spread function (impulse response of the system), the 
magnitude transfer function, and the resulting rehctive 
power. The same is shown in Figure 2 for 3 dioptres of 
accommodation level (patient looking at 33cm). The 
refractive power (in dioptres) is used by optometrists to 
deduce the best sphero-cylindrical correction. From the 
results, we see that the monochromatic aberrations may 
substantially change during accommodation. For the 
considered subject, for example, we notice a clinically 
significant increase in the average astigmatism from 
0.0648 D to 0.417 D. 
V CONCLUSIONS 
A dynamic reconstruction of the retinal images in the 
human eye has been considered. The concept of a time- 
varying complex pupil function has been introduced in 
which both the wavefront error function and the amplitude 
transmittance pupil function are allowed to vary with time 
(accommodation). The retinal image reconstruction has 
been applied to a subject with a significant amount of 
higher-order aberrations and to two scenes with different 
components of spatial frequencies. The proposed 
methodology can be applied to dynamic images, say video 
sequences. In this way, one would simulate the dynamic 
effects of changes in the eye’s optical system providing a 
better understanding of human vision. 
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Figure 1: The effect of aberrations for subject CA 
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